Abstract Limited axonal plasticity within the central nervous system (CNS) is a major restriction for functional recovery after CNS injury. The small GTPase RhoA is a key molecule of the converging downstream cascade that leads to the inhibition of axonal re-growth. The Rho-pathway integrates growth inhibitory signals derived from extracellular cues, such as chondroitin sulfate proteoglycans, Nogo-A, myelin-associated glycoprotein, oligodendrocyte-myelin glycoprotein, Ephrins and repulsive guidance molecule-A, into the damaged axon. Consequently, the activation of RhoA results in growth cone collapse and finally outgrowth failure. In turn, the inhibition of RhoA-activation blinds the injured axon to its growth inhibitory environment resulting in enhanced axonal sprouting and plasticity. This has been demonstrated in various CNS-injury models for direct RhoAinhibition and for downstream/upstream blockade of the RhoA-associated pathway. In addition, RhoA-inhibition reduces apoptotic cell death and secondary damage and improves locomotor recovery after experimental spinal cord injury (SCI). Unexpectedly, a subset of "small molecules" from the group of non-steroid anti-inflammatory drugs, particularly the FDA-approved ibuprofen, has recently been identified as (1) inhibiting RhoA-activation, (2) enhancing axonal sprouting/regeneration, (3) protecting "tissue at risk"
Introduction
The options for the restoration of neurological functions after central nervous system (CNS) injury are strictly limited. A major reason for the devastating prognosis of severe CNS injury with regard to functional recovery is the incapability of CNS axons to re-grow. "Molecular barriers" located in the axon environment have been identified as impediments for neuronal regeneration in the CNS. These molecules within the scar tissue and myelin are up-regulated after CNS injury and interact with various receptors on the surface of the injured axon. The signals from most of these receptors converge to RhoA, a key molecule in the growth inhibitory cascade. Interference with Rho-activation blocks the stop-signal transduction and finally promotes axonal plasticity/regeneration and thus functional recovery. Despite substantial experimental progress, no pharmacological treatment is available for the SCI patient as yet, except within early phase clinical trials. Excellent reviews exist, both on the extrinsic regeneration barriers in the CNS (e.g., Xie and Zheng 2008; Yiu and He 2006) and on the molecular rationale of Rho-inhibition on the promotion of functional recovery after CNS injury (e.g., McKerracher and Higuchi 2006; Mueller et al. 2005; Rossignol et al. 2007 ). In addition to their classical role as cyclooxygenase (COX) inhibitors, individual "small molecules" from the group of non-steroidal anti-inflammatory drugs (NSAIDs) have been identified to effectively block Rho-activation. This review updates the evidence for Rhoinhibition, with emphasis on the recently demonstrated NSAID-mediated effects, as a relevant therapeutic approach to enhance the recovery of neurological function after traumatic spinal cord injury (SCI).
Molecular players within the Rho-pathway
Chondroitin sulfate proteoglycans (CSPGs) synthesized by reactive astrocytes within the extracellular matrix (ECM) of the glial scar are potent inhibitors of axonal regrowth (for reviews, see Bartus et al. 2011; Morgenstern et al. 2002) . Their signal is transduced into the axon through the receptor PTPσ (Shen et al. 2009 ). Main inhibitory myelin components include oligodendrocyte-myelin glycoprotein (OMgp), myelin-associated glycoprotein (MAG) and the Nogo-66 segment from the Nogo-A molecule signal through the Nogo-receptor complex that consists in the Nogo receptor NgR1, LINGO1 and p75 NTR or TROY (Fournier et al. 2001 ; Kottis et al. 2002; Liu et al. 2002; Mi et al. 2004; Shao et al. 2005; Wang et al. 2002 ; for reviews, see Liu et al. 2006; McGee and Strittmatter 2003) . The receptor for the Amino-Nogo segment is unknown (Fournier et al. 2001; Hu and Strittmatter 2008 ; for reviews, see Buchli and Schwab 2005; Schwab et al. 2006; Schweigreiter and Bandtlow 2006) . The action of Amino-Nogo depends on specific integrin engagement, with alpha-V, alpha-5 and alpha-4 integrin-containing complexes being selectively sensitive to disruption by Amino-Nogo (Hu and Strittmatter 2008) . Whereas these integrins are required for Amino-Nogo inhibition, their role does not involve the direct binding of Amino-Nogo to the integrins and unidentified intermediate Amino-Nogo-binding proteins must be involved. MAG also binds with higher affinity to the Nogo receptor homolog NgR2 (Robak et al. 2009 ). The MHCI-interacting protein, PirB, might serve as an additional binding site for Nogo-66, MAG and OMgp but its axon-regeneration role in vivo appears limited (Atwal et al. 2008; Fujita et al. 2011; Huebner et al. 2011; Nakamura et al. 2011; Omoto et al. 2010) . Repulsive guidance molecules that exert growth inhibition in the mature CNS include EphrinB3 or RGMa, which bind to EphA4 (Benson et al. 2005) or neogenin (Conrad et al. 2007; Rajagopalan et al. 2004) , respectively (Fig. 1) . The converging intra-axonal inhibitory signals from these molecules activate RhoA. Subsequently, the Rhoassociated coiled kinase (ROCK) is activated. ROCK has effects on the cytoskeleton of the nerve fiber growth cone and induces its collapse (for a review, see Schmandke et al. 2007) . Inhibition of the Rho-cascade blocks the integration of the growth-inhibitory signal into the injured axon, resulting in propagated sprouting following axonal injury. This has been demonstrated for various molecular targets within the Rho-cascade. Nogo-A antibodies block Nogo-binding domains and thereby reduce RhoA-activation and promote axonal regrowth (Liebscher et al. 2005; Merkler et al. 2001; Muellner et al. 2008; Seymour et al. 2005) . The NgR1 antagonist peptide NEP1-40 competes against Nogo-66 for binding to NgR1 (GrandPré et al. 2002; Li and Strittmatter 2003) and the soluble Nogo receptor fusion proteins NgRFc or NgR OMNI -Fc block binding to NgR1 and NgR2 (Barton et al. 2003; Fournier et al. 2002; Lee et al. 2004; Li et al. 2004; Li and Strittmatter 2003; Robak et al. 2009; Wang et al. 2006) . By analogy, Ephrin binding to EphA4 can be blocked by soluble unclustered EphA4-Fc (Goldshmit et al. 2011) . The ROCK-inhibitors Y-27632, fasudil and others target the Rho downstream pathway. RhoA is selectively blocked by the exoenzyme C3 transferase derived from Clostridium botulinum (for reviews, see McKerracher and Higuchi 2006; Mueller et al. 2005) . Individual "small molecules" from the group of NSAIDs have been identified to inhibit Rho-activation (Dill et al. 2010; Fu et al. 2007; Wang et al. 2009; Zhou et al. 2003) as detailed in this review (Fig. 1) .
Selective Rho-blockade
C3 transferase has been demonstrated in vitro to enhance axonal outgrowth in the presence of inhibitory matrix (Boato et al. 2010; Dergham et al. 2002; Fournier et al. 2003; Jin and Strittmatter 1997; Lehmann et al. 1999; Monnier et al. 2003) and to protect neurons from death (Julien et al. 2008 ) and from p75 NTR -mediated amyloid β (Aβ) toxicity (Chacon et al. 2011 ). In addition, C3 Fig. 1 Inhibitory molecules and therapeutic targets within the Rhopathway. Diverse growth inhibitory molecules from myelin and reactive astrocytes interact with various receptors signaling through a converging downstream pathway within the axon after injury to the central nervous system. The activation of RhoA represents a key mechanism of this cascade. NgR1 forms a receptor complex with LINGO1 and p75 NTR or TROY, which is required for Nogo-66 signaling. Cleavage of p75 NTR through α-secretase and γ-secretase leads to the release of its intracellular domain, which transmits the inhibitory signal. The Amino-Nogo sequence of Nogo-A activates RhoA through an unknown receptor. The increase in intracellular calcium is involved in RhoA-activation. Interference with RhoA-activation blocks the integration of the inhibitory signal into the injured axon and results in axonal re-growth. At the upstream level, Nogo antibodies prevent the inhibition of Nogo-A-mediated outgrowth. Soluble NgR-Fc or NgR OMNI -Fc block the binding of myelin inhibitors to NgR1 or NgR2 and the NgR1 agonist NEP1-40 also interferes with binding to NgR1. Ephrin signaling can be blocked by unclustered EphA4-Fc. RhoA-activation itself is inhibited by C3 transferase and by "small molecules", such as the NSAID ibuprofen. Y27623 and fasudil inhibit the downstream target ROCK (CSPGs chondroitin sulfate proteoglycans, MAG myelin-associated glycoprotein, OMgp oligodendrocytemyelin glycoprotein, ROCK Rho-kinase, RGMa repulsive guidance molecule-A) transferase has been detected to antagonize tumor necrosis factor-α (TNF-α)-mediated apoptosis in oligodendrocytes (Xing et al. 2011) . In vivo, local application of C3 transferase leads to axonal spouting after CNS injury. This was first demonstrated in an optic nerve crush model (Lehmann et al. 1999) . Following experimental spinal cord transection (Boato et al. 2010; Dergham et al. 2002; Lord-Fontaine et al. 2008) , contusion (Lord-Fontaine et al. 2008 ) and compression (Boato et al. 2010) , C3 transferase application results in enhanced sprouting of corticospinal tract (CST) fibers (Boato et al. 2010; Dergham et al. 2002) and serotonergic neurites (Boato et al. 2010 ) and in improved locomotion (Boato et al. 2010; Lord-Fontaine et al. 2008; Schwab et al. 2002) . In addition, a neuroprotective effect of C3 transferase in terms of reduced p75 NTR -mediated apoptosis (Dubreuil et al. 2003) and preserved white or gray matter tissue has been demonstrated (Boato et al. 2010; LordFontaine et al. 2008) . C3 transferase has been delivered in various ways. It has been injected intramedullarly rostral to the lesion (Schwab et al. 2002) or applied at the lesion site within a fibrin clot either intrathecally (Dubreuil et al. 2003) or extradurally (Boato et al. 2010; Lord-Fontaine et al. 2008) . The effects of direct RhoA-inhibition after SCI have recently been verified by the suppression of RhoA expression through short interfering RNA (siRNA). The intrathecal application of siRNA targeted against RhoA led to enhanced serotonergic sprouting, improved locomotion and spared white matter tissue in an SCI contusion model (Otsuka et al. 2011) . Furthermore, attenuated allodynia was first demonstrated in this model after RhoA-suppression following experimental SCI (Otsuka et al. 2011) , whereas Lord-Fontaine et al. 2008 did not observe an effect on allodynia after Rho-inhibition. However, in a diabetic mouse model of neuropathic pain, intrathecal C3 transferase led to reduced hyperalgesia (Ohsawa et al. 2011 ); C3 transferase pretreatment abolished allodynia and hyperalgesia induced by intrathekal lysophosphatic acid (LPA) injection and also by peripheral injury to the sciatic nerve (Inoue et al. 2004 ).
ROCK-inhibition
Experimental blockade through the ROCK-inhibitor Y-27632 yields results comparable with direct Rho-inhibition, whether in vitro (Boato et al. 2010; Borisoff et al. 2003; Dergham et al. 2002; Fournier et al. 2003; Julien et al. 2008; Monnier et al. 2003; Tanaka et al. 2004) or in vivo. Here, intrathecal delivery of Y-27632 promotes CST sprouting and the recovery of locomotion after transectional SCI (Chan et al. 2005; Dergham et al. 2002; Fournier et al. 2003) . A reduction of scar tissue , lesion cavity area (Tanaka et al. 2004 ) and a retardation of Wallerian degeneration of CST axons (Yamagishi et al. 2005 ) have been observed. The findings of the Y-27632 experiments are supported by ROCK-inhibition through fasudil (HA-1077), the protein p21 CIP1/WAF1 (Tanaka et al. 2004) , or lentiviral transduction with dominant negative mutant ROCK (Wu et al. 2009 ), which revealed CST (Tanaka et al. 2004) or rubrospinal tract (Wu et al. 2009 ) axonal sprouting responses and improved functional recovery attributable to the treatment after transectional SCI. Most convincingly, genetic deletion of the ROCK isoform ROCK-II permits substantial axonal sprouting and regeneration from multiple fiber systems after CNS injury (Duffy et al. 2009 ).
The neuroprotecting effect reducing secondary damage after ischemic CNS injury through ROCK-blockade has been verified after intraperitoneal Y-27632 or fasudil application in models of experimental stroke (Li et al. 2009; Rikitake et al. 2005; Satoh et al. 1996 Satoh et al. , 2008 Shin et al. 2007; Toshima et al. 2000) . Additionally, fasudil protects neurological function (Li et al. 2009; Satoh et al. 1996 Satoh et al. , 2008 Toshima et al. 2000; Yamashita et al. 2007 ). The tissue sparing was attributable to enhanced bloodflow related to increased endothelial nitric oxide synthase activity (Li et al. 2009; Rikitake et al. 2005; Satoh et al. 2008; Shin et al. 2007 ). Fasudil has also been reported to protect neurons from cell death after hypoxia (Ding et al. 2010 ) and acute (Yamashita et al. 2007 ) and chronic (Huang et al. 2008) ischemia. This is associated with the suppression of the microglial response and attenuated production of pro-inflammatory cytokines such as interleukin-1β and TNF-α in vivo (Ding et al. 2010) or to the restricted infiltration of neutrophils (Satoh et al. 2008) . Additionally, the protein expression of inducible nitric oxide synthase was reduced (Ding et al. 2010; Li et al. 2009 ). Further potential targets of ROCK-inhibiting therapeutics are atherosclerosis and cardiovascular diseases, as reviewed elsewhere (Zhou et al. 2011) .
Beneficial effects of ROCK-inhibition within the CNS on the development of neuropathic pain are widely similar to those of the direct Rho-blockade as demonstrated in the neuropathic pain models in diabetic mice (Ohsawa et al. 2011 ) and the LPA or sciatic nerve injury model (Inoue et al. 2004 ) in which Y-27632 has been compared with C3 transferase. These studies have been complemented by further peripheral nerve injury experiments. After rhizotomy to the dorsal root, Y-27632 attenuates cold hyperalgesia (Ramer et al. 2004) . Intrathecal treatment with the more selective ROCK-inhibitor dimethylfasudil (H-1152) diminishes mechanical allodynia after lumbar nerve transection (Tatsumi et al. 2005 ).
Small-molecule-mediated Rho-inhibition
NSAIDs are widely used as analgesic and anti-inflammatory drugs. Their mechanism of action as an analgesic and anti-phlogistic/anti-rheumatic agent consists in the inhibition of prostaglandin synthesis through the unselective inhibition of COX-1 and COX-2. Furthermore, NSAIDs inhibit ADPand collagen-induced platelet aggregation in a reversible manner (Schafer 1999) . Independently from COXinhibition, individual NSAIDs inhibit basal (Dill et al. 2010; Fu et al. 2007; Wang et al. 2009; Zhou et al. 2003) and LPA-receptor-mediated (Fu et al. 2007; Wang et al. 2009 ) RhoA-activation.
In vitro, the ability to reduce levels of activated RhoA has been concordantly demonstrated for ibuprofen (Dill et al. 2010; Fu et al. 2007; Wang et al. 2009; Zhou et al. 2003) . For indomethacin (Fu et al. 2007; Zhou et al. 2003 ) and suldinac sulfide (Zhou et al. 2003 ), a Rho-inhibitory effect has also been reported but has not been confirmed by others ). Additional investigated NSAIDs, i.e., naproxen, piroxicam, meloxicam and SC-560, do not block the activation of Rho Zhou et al. 2003) . Whereas the inhibition of COX occurs nearly exclusively via the S(+)-enantiomer (Davies 1998) , blockage of RhoAactivation has been shown for both enantiomers of ibuprofen Zhou et al. 2003) . The amount of activated RhoA in cultured neurons plated on axon-growth inhibitory substrates such as CSPGs and myelin/MAG is reduced by ibuprofen and indomethacin application, similar to the specific RhoA-inhibitor C3 transferase (Fu et al. 2007 ).
Consequently, ibuprofen prevents the MAG-induced collapse of axonal growth cones similar to the ROCK-inhibitor Y-27632 but does not prevent Sema3A-operated growth cone collapse, which occurs independently from the Rhopathway ). Enhanced axonal sprouting in the presence of CSPGs and myelin/MAG in the culture of neuronal cells has been observed following treatment with ibuprofen (Dill et al. 2010; Fu et al. 2007; Wang et al. 2009 ) and with indomethacin (Fu et al. 2007 ) but not with naproxen. The extent of the growth-promoting effect of ibuprofen in vitro conforms to that of C3 transferase and Y-27632 (Fu et al. 2007; Wang et al. 2009 ). Prevention of oligodendrocyte cell death after TNF-α pretreatment has been recorded in the presence of ibuprofen or indomethacin similarly to C3 transferase. Again, naproxen has no effect on apoptosis (Xing et al. 2011) . Ibuprofen-mediated RhoAinhibition is linked to the peroxisome proliferator activated receptor γ (PPARγ), as demonstrated in vitro by using the PPARγ antagonist GW9662 and by PPARγ knockdown with siRNA, both of which abolish ibuprofen-induced RhoA-inhibition (Dill et al. 2010 ).
In vivo Rho-inhibition and plasticity
RhoA activity assays have provided independent confirmation of the Rho-inhibiting effect of ibuprofen after SCI as shown by Fu et al. (2007) and Wang et al. (2009) . Axonal sprouting and the density of nerve fibers were registered in both studies as non-functional surrogate parameters of the regenerative efficacy of Rho-inhibition as mediated by systemically administered ibuprofen compared with vehicle alone or naproxen. The compounds were applied subcutaneously over 4 weeks, starting within 1 week post-SCI. A greater density of CST fibers with a higher degree of sprouting axons rostral to the lesion after rat spinal cord contusion (Fu et al. 2007; Wang et al. 2009 ) and transection (Fu et al. 2007 ) was reported. In contrast to Wang et al. (2009 ), Fu et al. (2007 found increased axonal sprouting in the CST, even caudal to the lesion in the contusion and transection model. Both studies reported a higher density of serotonergic raphespinal fibers, mainly rostral to but to a lesser extent also distal to, the injury site after administration of ibuprofen. After complete transection of the spinal cord in a mouse model, animals treated with ibuprofen had serotonergic fibers growing caudally through the lesion. No serotonergic fibers were seen caudal to the lesion in the control group. A higher dose of ibuprofen was associated with greater efficacy ).
In summary, ibuprofen triggers axonal plasticity of the corticospinal and the raphespinal tract (Table 1, Fig. 2a ). This is in agreement with trials on specific Rho-blockade (Boato et al. 2010; Dergham et al. 2002) and ROCKinhibition (Chan et al. 2005; Dergham et al. 2002; Fournier et al. 2003; Tanaka et al. 2004; Wu et al. 2009 ).
Trials aiming specifically to evaluate indomethacin in vivo as a putative Rho-inhibitor have not as yet been undertaken. Nevertheless, indomethacin has been investigated with regard to lesional RhoA-expression after SCI with respect to its COX-inhibitory properties (Schwab et al. 2004) . Here, a reduction of RhoA-positive lesional cell numbers, mainly confined to granulocytes and microglia/ macrophages, has been demonstrated after intraperitoneal injection of indomethacin for 3 days after spinal cord transection.
Functional recovery
In rat spinal cord contusion and transection studies, residual neurological function has been investigated under ibuprofen treatment. After subcutaneous systemic administration of ibuprofen, the open-field BBB scale (Basso et al. 1995) improves (Fu et al. 2007; Wang et al. 2009 ) and grid walk failure is diminished (Fu et al. 2007 ) compared with vehicle controls and the non-Rho-inhibiting NSAID naproxen. In particular, a larger proportion of animals achieve weightbearing status ). The improvement in locomotor function has been independently reproduced within therapeutic time-frames from day 1 to 28, day 3 to 31 (Fu et al. 2007; Wang et al. 2009 ) and day 7 to 35 (Fu et al. 2007 ) after SCI. The treatment effect becomes visible 3-4 weeks after SCI and is present until up to 7 weeks after SCI (Fu et al. 2007; Wang et al. 2009 ). Thus, the effect is robust and persists after the end of the administration of the active substance. The results of behavioral testing under ibuprofen treatment after experimental spinal cord contusion and transection in the rat model (Table 1 , Fig. 2b ) are consistent with the locomotor improvement reported for C3 transferase treatment in corresponding SCI models Lord-Fontaine et al. 2008; Schwab et al. 2002) . The recovery of neurological function in the mouse model of complete spinal cord transection is mild as expected ).
Besides ibuprofen mostly indomethacin has primarily been evaluated with regard to locomotor function after SCI. Following experimental spinal cord contusion in the rat, systemic treatment starting immediately after injury leads to improved locomotion. The improvement, as measured by the Tarlov motor score or its modifications (Wrathall et al. 1985) , is not detectable at day 1 but rather at 6 weeks post-trauma compared with vehicle (Simpson et al. 1991) . Conversely, no significant changes in the motor score have been observed at 4 weeks after SCI in indomethacin-treated rats after spinal cord compression (Guth et al. 1994) . In a rabbit model of spinal cord contusion, animals treated daily with indomethacin starting immediately after injury have been reported to have a better motor score function visible from day 1 to the end of the observation at day 9 after SCI (Pantovic et al. 2005) . These early treatment effects on motor function have not been observed in the rodent trials published for NSAID treatment after SCI. However, for Rho-inhibition through C3 transferase in rat or mouse SCI models, early persistent improvement is visible in locomotion at day 1 or 2 post-injury as measured by the BBB scale or BMS, respectively (Boato et al. 2010; Dergham et al. 2002) .
Neuroprotection
Spared tissue has been seen at the lesion site after ibuprofen treatment following spinal cord contusion (Wang et al. Fu et al. 2007 ). a Differences in cell survival, tissue protection and sprouting responses in ibuprofen-treated animals relative to vehicle controls were calculated from the published original data. Neuroprotective effects were detectable within the first week after SCI. Enhanced myelination and spouting of distinct fiber tracts were observed several weeks after SCI. Because the effects on apoptosis and myelination (Xing et al. 2011) were principally similar for areas caudal and rostral to the injury site, average values from caudal and rostral areas are presented here (BSCB blood-spinal-cord-barrier, CST corticospinal tract, MBP myelin basic protein, LFB Luxol fast blue). b Results of behavioral testing in the ibuprofen and vehicle groups. The BBB scale (Basso-Beattie-Bresnahan scale, Basso et al. 1995) differences are expressed as absolute scale categories and the respective categories are explained in the graph b 2009). This is in agreement with observations after RhoA down-regulation (Otsuka et al. 2011 ), C3 transferase (Boato et al. 2010; Lord-Fontaine et al. 2008) , or Y-27632 (Tanaka et al. 2004) treatments. In addition, the neuroprotective effect of ibuprofen following SCI has been demonstrated in a dorsal horn incision model in the rat leading to significant recovery of alterations in spinal-cord-evoked potentials and to a reduction of spinal cord edema and bloodspinal-cord-barrier damage following SCI (Sharma and Winkler 2002) . Ibuprofen administration for 5 or 7 days, starting 1 h after rat spinal cord contusion, results in lower numbers of apoptotic cells and slightly higher numbers of oligodendrocytes caudal and rostral to the spinal cord lesion site. Furthermore, enhanced myelination has been reported after treatment for 28 days (Xing et al. 2011 ; Table 1 , Fig. 2a ). The activation of PPARγ through ibuprofen (Dill et al. 2010 ) further explains its neuroprotective properties, since PPARγ activation has repeatedly been demonstrated to have beneficial effects, for example, on cell survival and axonal myelination following SCI (for a review, see McTigue 2008) .
Similar neuroprotective effects as those seen after ibuprofen treatment were reported after high-dose indomethacin pretreatment by Sharma and colleagues in the incision model (Sharma and Winkler 2002; Sharma et al. 1993a, b; Winkler et al. 1993 ). Attenuation of histopathological changes after post-injury delivery of indomethacin were also observed by Simpson et al. (1991) . Guth et al. (1994) were unable to report a tissue-protective effect with regard to a reduction of the lesion cavity but notably, here, indomethacin was applied at a low dosage that also yielded no protective effect on spinal cord edema elsewhere (Sharma et al. 1993a) . Indomethacin treatment in the study of Xing et al. (2011) yielded effects comparable with those of ibuprofen with regard to a reduction of apoptotic cell numbers and protection of oligodendrocytes. Also, the promotion of myelination was also demonstrated after indomethacin administration but to a lesser degree (Xing et al. 2011) .
Neuroprotective properties of NSAIDs have been additionally explored in models of neurodegenerative disease. Ibuprofen (Lim et al. 2001; Weggen et al. 2001 Weggen et al. , 2003 Zhou et al. 2003) , indomethacin and suldinac sulfide lower Aβ42, whereas NSAIDs without significant Rho-inhibiting properties are not effective. Consequently, a reduction of Aβ42 peptide levels has been confirmed to be independent of COX-inhibition (Weggen et al. 2001) but is linked to the inhibition of Rho (Zhou et al. 2003) .
RhoA-inhibition and classical NSAID-operated effects
To summarize the cumulative evidence for ibuprofen-mediated Rho-inhibition, the main neurobiological effect involves the enhanced axonal plasticity in the spinal segments directly adjacent to the lesion site. Rostral and caudal to the lesion site, axonal sprouting might lead to a reorganization of spinal circuits and reconnections within spinal tracts from injured axons to preserved axons (Curt et al. 2008 ). On the other hand, no concordant preclinical evidence has been demonstrated for the regeneration of nerve fibers tracts far beyond the lesion. Thus, long-distance regeneration of spinal tracts is less likely to occur.
Next, the neuroprotective effects of Rho-inhibition might lead to a lower degree of secondary damage. Additional favorable effects of Rho-inhibition through small molecules might also occur because of their "classical" mode of action, i.e., the reduction of COX-mediated inflammatory responses in the region of the secondary damage (Schwab et al. 2004 ). In addition, the activation of PPARγ also has antiinflammatory effects and exerts tissue protection (McTigue 2008) . These additional effects of non-selective Rhoinhibition might antagonize some possibly adverse effects of selective Rho/ROCK-inhibition. Although the diminution of inflammatory responses has been reported after ROCKinhibition (Ding et al. 2010; Li et al. 2009; Satoh et al. 2008) , contradictory data also exist. More precisely, a specific block of Rho-activation by C3 transferase seems to cause, in microglia, a pro-inflammatory profile that is partly controlled by nuclear factor kappa B (NF-κB; Hoffmann et al. 2008 ). In addition, ROCK-inhibition through Y-27632 ia associated with pronounced astrocyte activation and increased production of CSPGs after SCI (Chan et al. 2007 ). Thus, a high-dose ibuprofen application might mitigate proinflammatory components of specific Rho-inhibiton. Together, NSAID-operated COX-and NF-κB-inhibition (Scheuren et al. 1998 ) and PPARγ-activation (Dill et al. 2010 ) might account for a reduction of the inflammatory milieu that triggers progliotic effects.
Neuropathic pain is a common and persisting consequences of SCI (Siddall and Loeser 2001; Siddall et al. 1999) . With regard to therapies aiming to promote neuronal plasticity/regeneration in patients with lesions of the CNS, inappropriate synaptic connections may unfortunately give rise to neuropathic pain syndromes. In some of the clinical investigations of neurotrophins in patients with degenerative diseases of the CNS, radicular pain and headache are reported as side effects (Thoenen and Sendtner 2002) . In contrast, a growing body of preclinical evidence indicates that Rho-inhibition has beneficial effects on neuropathic pain (Inoue et al. 2004; Ohsawa et al. 2011; Ramer et al. 2004; Tatsumi et al. 2005) . In addition to Rho-inhibition, NSAIDs might exert further mechanisms that attenuate factors responsible for the emergence of central pain (Detloff et al. 2008; Milligan and Watkins 2009) . The anti-phlogistic effects of NSAIDs might enhance tissue protection, reduce glial scar tissue and attenuate further inflammatory stimuli of pain syndromes. For example, one of the factors believed to be involved in the emergence of neuropathic pain is the up-regulation of the P2X4 receptor (Tsuda et al. 2003) . Fibronectin as a component of the ECM within the glial scar tissue promotes P2X4 expression and the emergence of pain (Tsuda et al. 2008) . The P2X4 receptor is up-regulated after injury to peripheral nerves (Tsuda et al. 2003) and after SCI . In addition, after experimental peripheral inflammation, P2X4 is also up-regulated in the CNS . Thus, even the reduction of peripheral inflammation through high-dose ibuprofen or indomethacin treatment is likely to attenuate mechanisms involved in the development of central pain.
Translational aspects
The Rho-pathway is a major target for plasticity-enhancing therapy after damage to the CNS (McKerracher and Higuchi 2006; Mueller et al. 2005; Rossignol et al. 2007) . From the group of Rho-inhibiting NSAIDs, ibuprofen is constantly confirmed to inhibit RhoA in vitro and in vivo. Noteworthy, the promoting effect on axonal plasticity/regeneration (Fig. 2a) and functional recovery (Fig. 2b ) is in agreement with the evidence from C3 transferase and Y-27632 studies.
The animal models used, namely spinal cord transection and contusion, are internationally accepted (Kwon et al. 2002) . The rat SCI-contusion model is comparable with SCI after trauma to the vertebral column in humans (Metz et al. 2000a) and is recommended for preclinical investigations (Tator 2006) . The standardized transection model that has been used in rats is feasible for studying signs of neuroanatomical and neurofunctional recovery as reported earlier (Merkler et al. 2001) . The measurement of functional outcome after ibuprofen treatment has been performed by using recent and validated instruments such as the widely used BBB score, grid walk failure and footprint analysis (Metz et al. 2000b) . A weakness of the study of Fu et al. (2007) is that the functional outcome has been statistically evaluated by using Student's t-test. Since the BBB scale is nonlinear, analysis with nonparametric tests or contingency table evaluation, as performed by Wang et al. (2009) , appears more appropriate.
Indomethacin has been identified as a further Rhoinhibiting NSAID but this has not been reproduced consistently. However, enhanced axonal outgrowth on myelin and CSPG has been demonstrated in vitro. The publications from in vivo trials focus on the effects of indomethacin as a COX-inhibitor and do not present investigations of specific axonal sprouting responses but report tissue protective effects. Evidence for improved functional recovery after experimental spinal cord contusion has been demonstrated in the rat and reproduced in the rabbit model. Functional outcome in the indomethacin trials has been assessed by using the Tarlov scale, which represents an earlier, less sensitive measurement tool compared with the BBB scale (Metz et al. 2000b) .
In summary, ibuprofen constitutes the best-investigated Rho-inhibiting NSAID at present. It has been evaluated in recent animal studies with regard to Rho-inhibition within a feasible time-frame of therapeutic opportunity. A refined setting of non-functional and behavioral assessment has been applied as efficacy measurements in clinically relevant models of SCI (Table 1, Fig. 2 ).
CNS permeability
CNS uptake of ibuprofen seems adequate, since systemically applied ibuprofen leads to substantial Rho-inhibition in spinal cord tissue (Fu et al. 2007; Wang et al. 2009 ). The bioactive unbound ibuprofen fraction passes the blood-brain barrier unhindered. Experimental investigations of perfusion models in animals have shown rapid linear absorption of radioactivelabeled ibuprofen and other NSAIDs. However, albuminbound ibuprofen does not pass the blood-brain barrier Parepally et al. 2006) . Thus, differences in albumin binding should be taken into account when calculating the human equivalence dose (HED). Ibuprofen has a higher affinity for binding to human albumin compared with that to rat albumin. Additionally, rat serum has a slightly lower albumin concentration. Hence, the free fraction of ibuprofen is two-to three-fold higher in rat serum compared with human serum Mills et al. 1973) . Ibuprofen doses of 60 or 70 mg/kg per day have been used in rat SCI models (Fu et al. 2007; Wang et al. 2009 ). The pharmacologically active dose (PAD) in humans can be calculated based on body surface by using a conversion model that is feasible for systemically administered active substances of a small molecular size (Center for Drug Evaluation and Research, FDA 2005) . The HEDs derived from this model are 9.7 or 11.3 mg/kg per day. For an estimation of the PAD with respect to the above-mentioned differences in albumin binding, the HED should be multiplied by a factor of approximately 3. Nevertheless, a PAD of 30 mg/kg per day is within the FDAapproved range for application in humans.
Implications for clinical use
Blockage of the Rho-pathway has aroused international interest in the field of clinical translational research. Interventional trials on intrathecally administered antiNogo-A antibodies (http://clinicaltrials.gov/ct2/show/ NCT00406016) and the neurosurgically applied C3-transferase preparation BA-210, also known as Cethrin (Fehlings et al. 2011 ) address this growth inhibitory signal cascade at the ligand level or "downstream" through direct RhoA-inhibition, respectively. BA-210 has previously been investigated in a phase I/IIa trial in North America (http:// clinicaltrials.gov/ct2/show/NCT00500812). The data obtained from 48 patients indicated the safety of the Rhoinhibition-based intervention and exploratory data are suggestive of an improvement of residual neurological function (Fehlings et al. 2011 ).
The ROCK-inhibitor fasudil is commonly used in Japan for the prevention of vasospasms after subarachnoid hemorrhage. Fasudil has also been investigated in indications of ischemic stroke within a randomized controlled trial that enrolled 160 patients in Japan. The investigators reported a better neurological status, without severe adverse reactions, in the fasudil group (Shibuya et al. 2005) .
Based on the evidence for ibuprofen-mediated Rhoinhibition, better recovery of neurological function in patients suffering from acute traumatic SCI can be anticipated after the administration of ibuprofen. Further therapeutic targets of the compound might accomplish the required plasticity-promoting effects. The analgesic effect of ibuprofen might be expected to reduce nociceptive pain for the duration of the intervention and additional antiinflammatory effects of the compound might attenuate the development of the neuroathic pain that is a frequent and chronic complication after SCI (Siddall and Loeser 2001; Siddall et al. 1999) . Moreover, ibuprofen might prevent heterotopic ossifications that are also frequent complications after SCI. Indomethacin treatment in an anti-inflammatory dosage has previously proven to be effective in this regard (van Kuijk et al. 2008) .
Ibuprofen is an approved drug, risk profile and pharmacological properties are well known (Davies 1998) . The risks of long-term use of NSAID are primarily gastrointestinal ulcers and hemorrhage and, more rarely, acute renal failure during treatment. However, within the group of NSAIDs, ibuprofen has a lower toxicity because of its relatively short half-life (Sing and Ramey 1998; Whelton 1999) . Additionally, long-term high-dose ibuprofen use as an "orphan drug" in the indication of cystic fibrosis has been assessed as having a positive risk-benefit profile (Konstan 2008; Lands and Stanojevic 2007) . In the setting of acute care of SCI patients, risk factors can be controlled, by close in-hospital monitoring.
Concluding remarks
In a large number of patients, traumatic and complete SCI signifies a severe lifelong physical disability that poses a challenge for the patient's occupational and social integration. The only standard treatment to promote functional recovery after SCI is physiotherapy. Based on preclinical investigations in established animal models, enhanced neuronal plasticity/regeneration and better recovery of neurological function is anticipated from the use of the Rhoinhibitor ibuprofen in cases of acute SCI. This might lead to a marked improvement of vital functions and aspects of daily living, even if the plasticity-based recovery affects only one or two segments of the spinal cord. The smallmolecule-operated Rho-inhibition provides the opportunity to investigate clinically an available, long-established, globally used medication with established pharmacological properties. Compared with BA-210 and antibodies to Nogo-A, ibuprofen can be easily administered by the oral route and has a well-known and acceptable long-term risk profile. Additionally, the dosage and time-frame of the intervention are feasible for clinical application. This results in an ethically favourable "benefit-risk ratio". Assuming therapeutic equivalence, the clinical application of smallmolecule-mediated Rho-inhibition would not only be meaningful in economic terms compared with recently developed approaches but also might hold promise to improve health by facilitating neurofunctional rehabilitation and exert further preventive effects on serious complications after traumatic SCI.
